The consideration of biological processes in hydro-and morphodynamic models is an important challenge for numerical simulation in coastal engineering. Eco-hydraulic aspects will play a major role in engineering tools and planning processes for the design of coastal works. Vegetation greatly affects the hydro-and morphodynamic models in coastal zones. Most hydrodynamic numerical models do not consider influences by ecological factors. This paper focuses on the presentation of an object-oriented holistic framework for ecohydraulic simulation. The numerical approximation is performed by a stabilized finite element method for hydro-and morphodynamic processes, to solve the related partial differential equations, and by a cell-oriented model for the simulation of ecological processes, which is based on a fuzzy rule system. The fundamental differences between these model paradigms require special transfer and coupling methods. Case studies on seagrass prediction in the North Sea around the island of Sylt show the main effects and influences on changed hydro-and morphodynamic processes and demonstrate the applicability of the coupled finite element fuzzy cell-based approach in eco-hydraulic modeling.
INTRODUCTION
Coastal zones are characterized by complex hydro-and morphodynamic as well as ecological processes. Tides and waves attack the shore lines and cause changes of position and the shape of coasts. Hydraulic engineering projects and coastal protection measures interfere with the environment, mostly restricting natural processes with far-reaching consequences on coastal systems and their surrounding areas. The aim of coastal engineering is to estimate these effects. In recent years especially, numerical simulation models have been proven as a valuable tool in coastal engineering (Horikawa 1988; Abbott & Minns 1998) . They allow the estimation and quantification of effects concerning changed hydrodynamic conditions and sediment transport processes caused by man-made structures already during the planning stage. In the future, eco-hydraulic aspects, and especially the estimation of the effects of man-made structures on the environment, will play a major role in the process of planning in coastal engineering. In order to answer a wide spectrum of questions concerning hydro-and morhopdynamic conditions, water quality, transport processes with chemical reactions as well as biological and ecological processes as it is stipulated in the requirements of the European Water Framework Directive and in the Integrated Coastal Zone Management, suitable eco-hydraulic simulation models are necessary (Mynett 2002; Imberger & approximately using finite element methods, finite volume methods or finite difference approximations. In contrast, discrete simulation models on the basis of cellular automata have proved to be an appropriate tool in situations where dependences and effect relationship rules are formulated, as in biology and ecology (Hogeweg 1988; Chen 2004 ). In addition, a variety of processes in nature and technology can be described only with a certain degree of fuzziness.
A fundamental approach to the description of blur is the fuzzy theory, where linguistic variables are used to describe the system behavior (Salski & Sperlbaum 1991) . The holistic modeling and simulation of such coupled problems require coupling mechanisms, which consider the different model specifications and guarantee a consistent transfer of the system parameters.
Benthic ecosystems like seagrass and mussel beds significantly affect the hydro-and morphodynamic models. Influences of seagrass beds on tidal current velocities and sediment texture were studied in different experiments (see Fonseca et al. 1982; Cox et al. 2003) where a substantial reduction of the vertical velocity profile, stabilizing effects to sediment and wave damping effects could be observed. On the other side, hydrodynamic conditions are attributed to represent an important effect on biological and ecological processes.
Case studies on seagrass prediction in the North Sea around the Island of Sylt show the main effects and influences on a changed hydro-and morphodynamic model and demonstrate the fundamental coupling algorithms.
METHODS
The focus of this study lies in the presentation of a holistic ecological, hydro-and morphodynamic model approach.
The numerical approximation is performed by a stabilized finite element method for hydro-and morphodynamic processes as well as advection-reaction ecological processes to solve the related partial differential equations, and by a cell-oriented fuzzy model for the benthic ecological processes. The fundamental differences between these different model paradigms require special transfer and coupling strategies.
The essential coupling strategies and algorithms are presented for the example of the interaction of the benthic ecosystem seagrass with the hydro-and morphodynamic processes.
HYDRO-AND MORPHODYNAMIC MODEL
The hydro-and morphodynamic module is based on the numerical model system MARTIN (Milbradt 2002a,b) . The mathematical formulation of these physical processes leads, for example, to a system of nine time-dependent partial differential equations.
The hyperbolic wave model:
with the wavenumber vector K, the angular frequency s, the wave amplitude frequency r and the wave amplitude a.
Here C g is the group velocity, S ij describes the radiation stresses, f is the influence of the bottom change and 1 B the energy loss by wave breaking.
The shallow water equations are used to describe the mean water elevation h and depth integrated velocities u:
where d the total water depth, T describes turbulence, T B the bottom friction and T W the energy input by wind. To model the sediment transport and the changes of the sea bottom the following equations are used:
where C the concentration of the suspended sediment, q b the bed load transport rate, n the porosity as well as h the sea bottom.
The numerical approximation is performed by a stabilized finite element method. In order to find a solution of the time-dependent equations with the finite element method, the domain V is discretized into n el finite elements V e . A semi-discrete approach is used, which is separated into a domain integration and a time integration step. The domain integration is implemented with a predictorcorrector procedure based on the combination of standard Galerkin approximation and least squares approximation.
By introducing suitable differential operators:
and source and sink terms S, each of the subsystems for waves, currents and sediment transport processes can be transformed into a uniform mathematical formulation and approximated with
The first integral contains the Galerkin approximation and the second term contains the least-squares stabilization.
For each time step the time derivatives U G t are determined by the standard Galerkin method in the predictor step.
In the corrector step the time derivatives are corrected by the least squares, where the element stabilization parameter t e weights the portion of the least squares part to the Galerkin part of the method. The time integration step can be performed by universal time integration schemes (e.g.
Euler, Heun, Runge-Kutta).
The element parameter t e plays an important role in the stability and consistency as well as for the accuracy of the approximation (Hughes et al. 1989) . For the determination of this coefficient the following generalization is used:
with an optimality parameter a opt , the characteristic element expansion h e and the norm of the advection operator kL adv k. The optimality parameter a opt is computed by
based on the element Peclet number Pe, which depends on the operator norms of the advection and diffusion differential operator:
The choice of a suitable operator norm has a significant influence on the quality of the solution. On the basis of the general definition (Kolmogorov & Fomin 1975) of the norm of the continuity operators in (Euclidian) normed spaces we define the following operator norm:
where r(A i ) is the spectral radius of the operator com-
Here r(A i ) is the largest absolute eigenvalue of the matrix A i . This approach for the determination of the stabilization parameter leads to very good results for a large number of simulation models for hydro-and morphodynamic processes.
For the consideration of influences of biotic factors the holistic model system MARTIN was extended by ecological model components (Schonert 2007) .
BENTHIC ECOLOGICAL MODEL
The existence of benthic ecosystems, like seagrasses and mussel beds, has strong effects on water motion and sediment dynamics (see Figure 2) . It was shown (Fonseca et al. 1982; Nepf 1999 In the presented model the temporal development of the ecological system variables is realized with a dynamic fuzzy system for each computational cell (see Figure 4 ).
Fuzzy-based approach
The main difficulty in ecological modeling is that the The general form of a fuzzy rule consists of a set of premises A i and a conclusion B:
Rule 1: if the quantity of algae in a specific cell is high and the quantity of snails is low, then the growth of the snail population is high. Rule 2: if the quantity of algae in a specific cell is medium and the quantity of snails is very high, then the growth of the algae population is negative high. 
Again the quasi-discrete ecological valuesûðc k Þ have to be transferred into continuous parameters for processing in the finite element model. This is based on the Voronoi decomposition of the domain V (see Figure 9 ). In this way, every node is influenced by the cells c i in the Voronoi region VR( p k ):
With this approach, uniform conservative geometric coupling can be realized, which considers the structural differences of both models and guarantees a correct and consistent transfer of all system parameters.
Temporal coupling
Through the analysis of hydro-and morphodynamic as well as ecological processes it can be recognized that these processes take place not only in spatial, but much more may well illustrate this phenomenon (see Figure 10 ).
Through analysis of the integrals and averaging over the
A subsequent fuzzyfication of this integrated value returns a full membership only for the linguistic term "around zero".
However, as can be seen, throughout the temporal course of the state variable v(t), the value "around zero" is rarely taken comparatively to the whole integration interval (see In this way, as opposed to the real-valued integration, a consistent temporal transmission can be realized. Figure 12 shows the results of both time integration schemes.
The mapping of the time course of linguistic variables in continuous system values may occur initially on the basis of classical defuzzification procedures:
With the time and spatial transfer methods, the algorithmic basis for the consideration of the interaction between ecological and physical model components is established.
Physical -phenomenological coupling
Vegetation exerts strong effects on water motion (Fonseca et al. 1982; Verduin & Backhaus 2000) and sediment dynamics (Ward et al. 1984; Fonseca & Fisher 1986 ).
It has been generally agreed (Yen 2002 (1982), Pasche & Rouvé (1985) , Mertens (1989) and Nuding (1991) .
The majority of research on vegetative flow resistance is based on theory and experiments with rigid cylindrical elements. However, seagrass is a very flexible material with a low flexural stiffness and is far from this simplification.
Oplatka ( 
OBJECT-ORIENTED FRAMEWORK
A reusable and extendable software design allows for the development of eco-hydraulic simulation models in coastal engineering. This can be achieved by developing an object- The classes for the description of geometry, such as, for example, PointNd, Polyhedron and DomainDecomposition, belong to the package Geometry and are commonly used by all kinds of models.
In particular, the FEModel, Fuzzy and ODE packages use a common mathematical package, which contains 
